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KDYH GLUHFWLQIOXHQFHRIWKH FRQGLWLRQRIFXWWLQJWRRO DQGIDLOXUHRI FXWWLQJWRRO LVWKHPDMRUFDXVHRIWKHXQSODQQHG
LQWHUUXSWLRQLQDPDFKLQLQJHQYLURQPHQWZKLFKUHVXOWVLQ ODUJHUGRZQWLPH-DQWXQHQ 1XPHULFDOPHWKRGV
DQG DQDO\WLFDOPRGHOV DUH JHQHUDOO\ DFFHSWHG IRU WRRO ZHDU HVWLPDWLRQZLWK OLPLWHG DFFXUDF\ LQ FRPSDULVRQZLWK
PRGHUQRQOLQHFRQGLWLRQPRQLWRULQJPHWKRGV6FKHIIHUHWDO/LSUHVHQWHGDVWDWHRIDUWZKLFKUHYLHZV
XVDJHRI$FRXVWLF(PLVVLRQ$(PHWKRGRIFXWWLQJWRROFRQGLWLRQPRQLWRULQJ&KRLHWDOGHYHORSHGDUHDO
WLPH WRRO FRQGLWLRQPRQLWRULQJ V\VWHPE\ FRPELQLQJ$(PHWKRGZLWKPHDVXUHPHQWRI FXWWLQJ IRUFHV IRU WXUQLQJ
RSHUDWLRQV -HPLHOQLDN DQG 2WPDQ  XWLOL]HG VWDWLVWLFDO IHDWXUHV VXFK DV NXUWRVLV VNHZQHVV DQG URRW PHDQ
VTXDUH506YDOXHIURP $(VLJQDOV IRU ILQGLQJPRQLWRULQJ WRRO ZHDU'LPODKDVVKRZQWKDW FRQVLGHUDEO\
OHVV $(LV SURGXFHG ZKLOH WRROZHDU SURJUHVVHV LQFRPSDULVRQZLWK$(VLJQDOJHQHUDWHGEHFDXVHRIWRROEUHDNDJH
DQGIUDFWXUH/LP LOOXVWUDWHG WKHFRQGLWLRQVRI WKHFXWWLQJ WRRO WKDWFDQEHGHWHFWHGIURP WKHFRUUHVSRQGLQJ
YLEUDWLRQ VLJQDWXUHV DFTXLUHG GXULQJ PDFKLQH WXUQLQJ RSHUDWLRQV 7D\VLU HW DO  XVHG XOWUDVRQLF PHWKRG IRU
RQOLQHPRQLWRULQJRIWRROZHDU$EX=DKUDDQG<X PRQLWRUHG WKHFDUELGHWRRO ZHDULQ WKHODWKH ZKLOH WXUQLQJ
E\ GLVFUHWH ZDYHOHW WUDQVIRUPRIXOWUDVRQLFVLJQDOV ,QWKLV LQYHVWLJDWLRQYLEUDWLRQ VLJQDO LVXVHGWRGHWHFW IDXOWV RI
VLQJOHSRLQWFXWWLQJ WRRO'HVFULSWLYHVWDWLVWLFDO IHDWXUHVDUHREWDLQHGIURPYLEUDWLRQVLJQDO WRVHUYH WKHSXUSRVHRI
FODVVLILFDWLRQXVLQJPDFKLQH OHDUQLQJDSSURDFK
 ([SHULPHQWDOVWXGLHV
7KHGHWDLOVDERXWWKHH[SHULPHQWDOVHWXSDQGSURFHGXUHVDUHGLVFXVVHGLQ WKHIROORZLQJVHFWLRQV
([SHULPHQWDOVHWXS
7KHEHORZ)LJ VKRZV WKHH[SHULPHQWDO VHWXSZKLFK FRPSULVH ODWKH DSLH]RHOHFWULFDFFHOHURPHWHU 1DWLRQDO
,QVWUXPHQWV1,GDWDDFTXLVLWLRQFRQMXQFWLRQZLWKWKH/DE9,(:VRIWZDUH ZLWKFRPSXWHUWRDFTXLUHWKHVLJQDOV$
ZRUNSLHFHRI PPGLDPHWHUPDGHXSRIPLOG VWHHOZDVKHOG LQ D IRXU MDZFKXFN DQG+LJK6SHHG6WHHO +66
FXWWLQJWRROZDVILUPO\KHOG LQWKH WRROSRVW )HHGUDWHZDV VHWWR PPV FXWWLQJGHSWKRI PPDQG URWDWLRQDO
VSHHGRIUSPZDVXVHGDVPDFKLQLQJSDUDPHWHUV7KH NLVWOHUDFFHOHURPHWHU7\SH$ ZDVPRXQWHGRQ
WKHWRROSRVWXVLQJPDJQHWLFPRXQW 7KHRXWSXWIURPWKHDFFHOHURPHWHULV FROOHFWHGXVLQJ 1,'$4 WKURXJK 3HUVRQDO
FRPSXWHU3& 7KHRXWSXWLVYLHZHGDQG DQDO\VHG LQ/DE9,(:6RIWZDUHWKHVDPSOHVZHUHUHDGDQGWKHVDPSOLQJ
UDWHZHUHWDNHQDWN+] 7KHVLJQDOZDVDQDO\VHGDQGIXUWKHUSURFHVVHGWR REWDLQ YDULRXV VWDWLVWLFDOIHDWXUHV
)LJ([SHULPHQWDOVHWXS
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([SHULPHQWDOSURFHGXUH
$KHDOWK\+66WRROZDV ULJLGO\ KHOG RQWRROSRVWDQGZRUNSLHFH LV FODPSHGDWIRXUMDZFKXFNDQGIHZWXUQLQJ
SDVV ZHUH FDUULHG WR UHPRYH R[LGL]HG OD\HUV LQ ZRUNSLHFH DQG WR UHPRYH DQ\ XQHYHQQHVV LQ ZRUNSLHFH DQG IHZ
PLQXWHVIUHHO\NHSWUXQQLQJWRVWDELOL]HWKHPDFKLQHYLEUDWLQJSDUWVDWLQLWLDOVWDJHDQGLQLWLDOIHZVLJQDOVZHUHQRW
FRQVLGHUHG WR DYRLG UDQGRP YLEUDWLRQ 7KH YLEUDWLRQ VLJQDO ZDV DFTXLUHG IRU KHDOWK\ WRRO DORQJ ZLWK VLPXODWHG
GLIIHUHQWIDXOW\FRQGLWLRQ LQ WRROPDGHXS RI+66 PDWHULDO7KHGLIIHUHQWVLPXODWHG IDXOW FRQGLWLRQV SUHVHQWHG LQ WKLV
DQDO\VLV DUH
 7RROZLWKORZEOXQW
 7RROZLWKH[FHVVLYHEOXQW
 7RRO KHOGORRVHO\ LQWKHWRROSRVW
7RWDOO\VDPSOHVZHUHWDNHQZKHUHVDPSOHVZHUHIURPWKHKHDOWK\FRQGLWLRQDQGIRUHDFKIDXOWFRQGLWLRQ
VDPSOHVZHUHFROOHFWHGIRU6HFWLPHLQWHUYDODWN+]  )LJVKRZVWKHWLPHGRPDLQVLJQDOVIRUKHDOWK\DQG
GLIIHUHQWVLPXODWHGIDXOWFRQGLWLRQV
+HDOWK\7RRO 7RROZLWKORZEOXQWFRQGLWLRQ
7RROZLWKH[FHVVLYHEOXQWFRQGLWLRQ 7RROKHOGORRVHO\LQWKHWRRO SRVW
)LJ3ORWVRIWLPHGRPDLQVLJQDO
          










$
FF
HO
HU
DW
LR
Q
J

7LPHV
          











$F
FH
OHU
DW
LR
Q
J

7LPHV
          







$
FF
HO
HU
DW
LR
Q
J

7LPHV
          







$
FF
HO
HU
DW
LR
Q
J

7LPHV
1437 N. Gangadhar et al. /  Procedia Materials Science  5 ( 2014 )  1434 – 1441 
 6WDWLVWLFDOIHDWXUHVH[WUDFWLRQ
)URP WKHREWDLQHGYLEUDWLRQVLJQDO VWDWLVWLFDO IHDWXUHV OLNH PHDQ VWDQGDUGHUURUPHGLDQNXUWRVLV PRGH VXP
UDQJH VNHZQHVV PLQLPXPDQG PD[LPXP VWDQGDUGGHYLDWLRQ DUHFDOFXODWHGDQGWHUPHG KHUH µVWDWLVWLFDOIHDWXUHV¶
'HVFULSWLRQVRIFRPSXWHGIHDWXUHVDUH H[SODLQHG EHORZ
6WDQGDUGHUURU,W LVWKH GHYLDWLRQLQYROYHGWRSUHGLFW RI \ IRUDQLQGLYLGXDO [ LQWKHUHJUHVVLRQZKHUH \ DQG [ DUHWKH
VDPSOHPHDQVDQG VDPSOHVL]H GHQRWHGDV µQ¶ 7KHVWDQGDUGHUURU RIµ\¶ LVFRPSXWHGDVIROORZV
ൌ σሺ െ ሻ െ ሾσሺ ሻሺ ሻሿ
ሺ ሻ

6WDQGDUGGHYLDWLRQ ,W LVDPHDVXUHRI GLVSHUVLRQRID VHWRIGDWD IURP LWVPHDQ ,W FDQEHFRPSXWHGE\XVLQJ WKH
IROORZLQJIRUPXOD
V ൌ σ ሺσ ሻ
ሺ ሻ

6DPSOHYDULDQFH,WLV WKHVTXDUH RI WKH VWDQGDUGGHYLDWLRQ DQG LW LV FRPSXWHG XVLQJ JLYHQEHORZ IRUPXOD
V ൌ σ ሺσ ሻ
ሺ ሻ

.XUWRVLV,WVKRZV WKHVSLNLQHVV RU IODWQHVVLQ VLJQDOV ,QQRUPDOFRQGLWLRQRIWKHFXWWLQJWRROLWVYDOXHLVYHU\ORZ
DQG LQ IDXOW FRQGLWLRQV RIWKHWRRO EHFDXVHRI WKHVSLN\ EHKDYLRXU RIWKHVLJQDOV LWVYDOXHLVYHU\KLJK
ൌ ሺ ൅ͳሻሺ െͳሻሺ െʹሻሺ െ͵ሻσ
െ Ͷ െ ͵ሺ െͳሻ
ʹ
ሺ െʹሻሺ െ͵ሻ 
6NHZQHVV ,W FKDUDFWHUL]HV PHDVXUH RIDV\PPHWU\RISUREDELOLW\ GLVWULEXWLRQ DERXW LWVPHDQ ,WFDQEHFRPSXWHGE\
JLYHQEHORZIRUPXOD
ൌ σ 
5DQJH,W LV WKHGLIIHUHQFHEHWZHHQPLQLPXP DQGPD[LPXP YDOXHVIRUDJLYHQVLJQDO
0LQLPXP YDOXH ,W LV WKH YDOXH RI PLQLPXP VLJQDO SRLQW IRU D JLYHQ VLJQDO :KHQ WKH WRRO JHWV ZRUQRXW WKH
YLEUDWLRQ OHYHOVUHDFK KLJK 7KXVLWFDQEHXWLOL]HGIRUPRQLWRULQJWRROZHDUVWDWXV
0D[LPXPYDOXH,WLVWKHYDOXHRIPD[LPXPVLJQDOOHYHOIRUDJLYHQVLJQDO
6XP,W UHIHUVWR WKH YDOXHV REWDLQHGE\DGGLWLRQRISRLQWV IRU HYHU\ VDPSOH
'HFLVLRQWUHH
'HFLVLRQ WUHH LV WHUPHG DV D WUHH EDVHG NQRZOHGJH PHWKRGRORJ\ ZKLFK UHSUHVHQWV UXOHV IRU FODVVLILFDWLRQ
4XLQODQ6XJXPDUDQHWDODQG6KDNWLYHOHWDO$ VWDQGDUG WUHH JHQHUDWHGZLWK-DOJRULWKP
FRPSULVHV RI RQH URRW QXPHURXV EUDQFKHV QRGHV DQG OHDYHV )LJ 2QH EUDQFK FRQVLVWV RI D EXQFK RI QRGH
VWDUWLQJ IURP URRW WR OHDIDQGHDFKQRGHIRUPVRQH IHDWXUH7KH RFFXUUHQFH RI D IHDWXUH LQDGHFLVLRQWUHHJLYHVWKH
LQIRUPDWLRQ UHODWHG WR WKH VLJQLILFDQFH RI WKH DWWULEXWH UHODWHG 7KH EULHI SURFHGXUH LQYROYHG LQ JHQHUDWLRQ RI
'HFLVLRQ7UHHDQGIHDWXUHVHOHFWLRQ LVJLYHQ EHORZ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x 7KHVHWRIIHDWXUHV LVWUHDWHG DVLQSXW IRU WKHDOJRULWKP DQG WKH FRUUHVSRQGLQJRXWSXW LVD'HFLVLRQ 7UHH
x ,W FRQVLVWV RI OHDI QRGHVZKLFK LQGLFDWH FODVV ODEHOV DQG WKH UHVW RI WKH QRGHV UHODWHG WR WKH FODVVHV DUH
EHLQJFODVVLILHG
x 7KH EUDQFKHVRIWKHWUHHH[KLELW HDFKSUHGLFWLYHYDOXHRIWKHJHQHUDWHGIHDWXUHQRGH
x )HDWXUHYHFWRUVDUHFODVVLILHGXVLQJGHFLVLRQ WUHHVWDUWLQJ IURPURRWRIWKHWUHHWRQRGHRIWKHOHDI
x (DFKGHFLVLRQQRGHLQWKHWUHHWKHPRVWXVHIXOIHDWXUHEDVHGRQWKHHVWLPDWLRQFULWHULDPRVWXVHIXOIHDWXUHV
FDQ EH FKRVHQ 7KH XVHIXO IHDWXUH LQGHPQLILHG EDVH RQ WKH FULWHULD ZKLFK LQYRNHV WKH FRQFHSWV RI
LQIRUPDWLRQJDLQDQGHQWURS\UHGXFWLRQDUHH[SODLQHGLQVXEVHFWLRQ EHORZ
,QIRUPDWLRQ*DLQDQG(QWURS\5HGXFWLRQ
µ,QIRUPDWLRQ JDLQ¶ LV WKH H[SHFWHG GHSOHWLRQ LQ HQWURS\ GXH WR SRUWLRQLQJ WKH VDPSOHV DFFRUGLQJ WR JLYHQ
DWWULEXWHZKHUHDV µ(QWURS\¶ FKDUDFWHUL]HVWKHLPSXULW\RIDQDUELWUDU\FROOHFWLRQRIH[DPSOHV %\DGGLQJLQIRUPDWLRQ
RQH UHGXFHV XQFHUWDLQW\ ,QIRUPDWLRQ JDLQ FRPSDUHV WKH HQWURSLHV RI RULJLQDO V\VWHP DQG WKH V\VWHP DIWHU
LQIRUPDWLRQ LVDGGHG ,QIRUPDWLRQJDLQ6$RID IHDWXUH$UHODWLYH WRDDFFXPXODWLRQRIH[DPSOHV6 LVGHILQHG
HTXDOO\
ሺ ǡ ሻ ൌ ሺ ሻ െ σ ȁ Qȁ
ȁ ȁQא ሺ ሻ
ሺ Qሻ 
:KHUH 9DOXHV$ LVWKH JURXS RIDOOSRVVLEOHYDOXHVIRU $ DWWULEXWH FRUUHVSRQGLQJ 6Y LV WKHVXEVHWRI 6 IRUZKLFK
IHDWXUH $ KDVYDOXH Y
,QWKH DERYHHTXDWLRQWKHWHUP 6 UHIHUVWR HQWURS\RIWKHRULJLQDOFROOHFWLRQ DQGWKH QH[W WHUPLVWKHH[SHFWHGYDOXH
RI WKHHQWURS\7KHH[SHFWHGHQWURS\GHVFULEHGE\ WKH WHUP $ LV WKHGLUHFWVXPRI WKHHQWURSLHV ZKLFKEHORQJV WR
HDFKVXEVHW 6Y7KHUHIRUH *DLQ6$ LV WKHH[SHFWHG GHSOHWLRQ LQHQWURS\ GXHWR NQRZQ YDOXHRI DWWULEXWH $
(QWURS\LVJLYHQE\
ሺ ሻ ൌ σ െ  
:KHUHFLVWKHQXPEHURIFODVVHV
3L LVWKHSURSRUWLRQRI6EHORQJLQJWRFODVVµL¶
5HVXOWVDQGGLVFXVVLRQ
7KH VWDWLVWLFDO IHDWXUHV GLVFXVVHG DERYH DUH FRQVLGHUHG DV IHDWXUHV WR VHUYH DV LQSXW IRU WKH DOJRULWKP 7KH
FRUUHVSRQGLQJ FRQGLWLRQ RU VWDWXV RI WKH FDWHJRULVHG GDWD ZLOO EH WKH HVVHQWLDO RXWSXW RI WKH - DOJRULWKP 7KH
GDWDVHW LV IRUPHG E\ LQSXW DQG FRUUHVSRQGLQJ RXWSXW 7KH IRUPHG GDWDVHW LV XVHG WR WDNH WKH XVHIXO IHDWXUH DQG
FODVVLI\XVLQJ-DOJRULWKPWKHGHFLVLRQWUHHJHQHUDWHGLVVKRZQLQ)LJ 7KH UHFWDQJOH ER[LQWKHGHFLVLRQWUHH
LQGLFDWHVFODVVHVRIWKH WRRO7HUP ZLWKLQSDUHQWKHVLVLQGLFDWHVWZRQXPEHUVVHSDUDWHGE\DVODVK7KHILUVWQXPEHU
LQFDVHRIWZRQXPEHUVRUWKHRQO\QXPEHULQGLFDWHVWKHQXPEHURIGDWDSRLQWVWKDWDVVLVWWKHGHFLVLRQ
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)LJ 'HFLVLRQWUHH ± 9LEUDWLRQ6LJQDOV
 )HDWXUH([WUDFWLRQDQG6HOHFWLRQ
)URP WKH REWDLQHG YLEUDWLRQ VLJQDOV WZHOYH VWDWLVWLFDO IHDWXUHVZHUH WDNHQ RXW 'HFLVLRQ WUHHZDV HPSOR\HG WR
VHOHFW VLJQLILFDQW IHDWXUHV ,Q WKH GHFLVLRQ WUHH IRXU VLJQLILFDQW IHDWXUHV ZHUH VHOHFWHG QDPHO\ 6WDQGDUG (UURU
6WDQGDUG'HYLDWLRQ PHDQ DQG .XUWRVLV LQWKHRUGHURIVLJQLILFDQFH
&ODVVLILFDWLRQ DFFXUDF\ RI WKH - DOJRULWKP LV SUHVHQWHG LQ7DEOH  7KH H[SODQDWLRQ RI WKH FRQIXVLRQPDWUL[ LV
H[SODLQHGEHORZ
x 7KHQXPEHURIFRUUHFWO\FODVVLILHGLQVWDQFHV LVVKRZQ LQGLDJRQDOHOHPHQWVRIWKHFRQIXVLRQPDWUL[
x ,Q ILUVW HOHPHQWRI WKH ILUVW URZ LQGLFDWHV WKHQXPEHURI VDPSOHV WKDW EHORQJV WR µKHDOWK\¶ FRQGLWLRQ DQG
FODVVLILHGFRUUHFWO\ E\WKHFODVVLILHUDVµKHDOWK\¶
x 7KHVHFRQGHOHPHQWRIWKHILUVWURZUHSUHVHQWVWKHQXPEHURIVDPSOHVEHORQJVWRµKHDOWK\¶ FRQGLWLRQEXW
PLVFODVVLILHGDVWRROWLSORRVHLW¶VQRQH
x 7KH WKLUGHOHPHQWRI WKH ILUVW URZ UHSUHVHQWV WKHQXPEHURI µKHDOWK\¶ VDPSOHVPLVFODVVLILHGDV WRROEOXQW
ORZ
x 7KHIRXUWKHOHPHQWRIWKHILUVWURZUHSUHVHQWVWKHQXPEHURIµKHDOWK\¶VDPSOHVPLVFODVVLILHGDVWRROEOXQW
KLJKDQGVRRQ
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7DEOH&RQIXVLRQPDWUL[9LEUDWLRQVLJQDO
D E F G
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    F7RROEOXQWORZ
    G7RROEOXQWKLJK
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